We evaluated relationships of oral glucose tolerance testing (OGTT)-derived measures of insulin sensitivity and pancreatic b-cell function with indices of diabetes complications in a cross-sectional study of patients with type 2 diabetes who are free of overt cardiovascular or renal disease.
The primary defects observed in type 2 diabetes are insulin resistance and inadequate insulin secretion by pancreatic b-cells (1) . By the time clinical hyperglycemia develops, both insulin sensitivity and b-cell function have already declined. Debate exists over the relative importance of these two abnormalities, which are distinct but integrated in the clinical manifestations of type 2 diabetes (2) . Insulin sensitivity and b-cell function may have independent relations to microvascular and macrovascular complications.
Microvascular damage to the renal glomerulus leads to diabetic nephropathy, a significant cause of renal failure (3) . As with other microvascular complications, hyperglycemia is a major determinant of nephropathy, with intensive glycemic control reducing the burden of the disease (4) . Previous studies (5) (6) (7) are inconsistent regarding the relationship between insulin resistance and microalbuminuria, a hallmark of early diabetic nephropathy. The association between b-cell dysfunction and microalbuminuria has not been well studied.
The association between type 2 diabetes and cardiovascular disease (CVD) is strong, but the precise mechanisms by which diabetes increases the formation of atherosclerotic plaque are incompletely understood. Unlike microvascular complications, intensive glucose lowering may not reduce cardiovascular events (8) (9) (10) . The insulin resistance milieu of type 2 diabetes is closely associated with metabolic syndromed a clustering of risk factors that includes hypertension, abdominal adiposity, dyslipidemia, and inflammation. However, because diabetes confers cardiovascular risk beyond traditional risk factors, the degree of insulin resistance may independently affect macrovascular complications (11) . Surrogate measures of insulin resistance have been associated with atherosclerotic burden in several studies (12) (13) (14) . Previous studies were generally conducted in subjects with impaired glucose tolerance, impaired fasting glucose, or both, although we performed a preliminary study in patients with type 2 diabetes (15) . Most studies, including our prior work, used static, fasting measures of insulin resistance, such as the homeostatic model assessment (HOMA)-estimated insulin resistance (HOMA-IR), as opposed to dynamic parameters, for example, those derived from oral glucose tolerance testing (OGTT).
OGTT has utility for evaluating insulin sensitivity and b-cell function during glucose administration via a physiological route. In particular, the Matsuda Insulin Sensitivity Index (ISI) is an OGTT-derived surrogate of wholebody insulin sensitivity (16) , whereas the Insulinogenic Index measures firstphase insulin secretion and b-cell function (17) . It is uncertain whether these OGTT parameters are associated with diabetes complications or if the pattern of association is similar for these two indices, which reflect different but interrelated facets of type 2 diabetes. Also unclear is whether OGTT measures are superior to static parameters (e.g., HOMA indices) or if they provide incremental information regarding the risk of complications independent of traditional risk factors and metabolic syndrome.
We therefore examined associations of OGTT-derived parameters with two indices of diabetes complications: coronary artery calcification (CAC) and microalbuminuria. CAC is strongly correlated with the degree of subclinical atherosclerosis by histopathology (18) and angiography (19) and has utility for the prediction of cardiovascular events (20) . Persistent microalbuminuria increases risk for end-stage kidney disease two-to fourfold (21) . In this article we evaluate associations between insulin sensitivity (measured by the Matsuda ISI) and b-cell function (measured by the Insulinogenic Index) with CAC and microalbuminuria, and we compare findings to those of HOMA indices, in a cross-sectional study of patients with type 2 diabetes.
RESEARCH DESIGN AND METHODS

Patients
Details of the Penn Diabetes Heart Study (PDHS) have been published previously (22) . PDHS is a cross-sectional study of factors associated with CAC in subjects aged 35- 
OGTT Protocol
Subjects were evaluated at Penn's Clinical and Translational Research Center after an overnight fast. Subjects were instructed not to take medication, including insulin, the morning of the study. A 2-h OGTT was performed with a 75-g glucose load; blood samples were collected at baseline and 30, 60, and 120 min.
Indices of b-Cell Function and Insulin Sensitivity
Participants who underwent OGTT but had fasting glucose .200 mg/dL or insulin .125 mIU/mL were excluded from analysis because of concern for glucotoxicity and subsequent impaired b-cell function, incomplete overnight fast, or exogenous insulin use the morning of OGTT. We also excluded subjects with a history of gastric bypass surgery (23 Fig. 1 ), we divided participants into quartiles of these data. We evaluated crude associations across quartiles of OGTT measures with clinical, lipid, metabolic, and inflammatory parameters using a nonparametric test for trend across ordered groups (nptrend using Stata software). We analyzed associations of quartiles of the Insulinogenic Index and Matsuda ISI in incremental multivariable modeling of microalbuminuria and CAC data, including multiple risk factors in full models. In sensitivity analyses, we transformed the Insulinogenic Index (inverse normal-transformed to accommodate negative values) and Matsuda ISI (natural logtransformed) ( Supplementary Fig. 1 (27) because it combines logistic regression for the dichotomous outcome of "presence of CAC" (any CAC vs. CAC score of zero) with linear regression (of log-transformed CAC) when CAC is present to produce a single estimate for the relationship of risk factors with CAC. We tested associations with CAC in incremental models in model 1 (age, sex, race); model 2 (model 1 plus exercise, highsensitivity C-reactive protein [hsCRP], FRS, current alcohol use, medications, and microalbuminuria); and model 3 (model 2 plus duration of diabetes). We included interaction terms for race and sex in fully adjusted models, but these were not significant (data not shown). Trends across quartiles in logistic and Tobit regression models were assessed using ordinal variables based on the median value of each Insulinogenic Index or Matsuda ISI quartile. Testing of likelihood ratio in nested models and Akaike information criteria (AIC) analysis in nonnested models were used to compare the goodness of fit of the Matsuda ISI versus the Insulinogenic Index. In complementary analyses we performed separate logistic regression of the "presence of CAC" and linear regression of the "burden of CAC" (log of CAC for 448 patients with CAC scores .0). Two-tailed P , 0.05 was considered statistically significant. Analyses were performed using STATA 12.0 software (Stata Corp., College Station, TX).
RESULTS
Characteristics of the Study Population
Of the 833 PDHS participants who underwent OGTT, we excluded subjects because of a baseline glucose .200 mg/dL (n = 81), baseline insulin .125 mIU/mL (n = 3), an extreme negative outlier for the Insulinogenic Index (n = 1), a history of bariatric surgery (n = 6), or missing covariate data (n = 70). Compared with subjects who completed OGTT, excluded subjects had higher HbA 1c and a longer duration of diabetes and were more likely to be taking insulin and have metabolic syndrome (Supplementary Table 1 ). The characteristics of the 672 remaining participants included in analysis are noted in Supplementary Table 1 . The median duration of diabetes was 6 years, and 21% of participants were taking insulin.
Differential Associations of the Insulinogenic Index and the Matsuda ISI With Cardiovascular Risk Factors and Measures of Diabetes Control
The Insulinogenic Index and Matsuda ISI were only modestly correlated with each other (Spearman correlation r = 20.29; P , 0.001). The Insulinogenic Index did not differ in univariate analyses by either race or sex, whereas the Matsuda ISI differed by race but not by sex, with a higher percentage of Caucasians in the quartile with the lowest insulin sensitivity. As expected, HOMA-IR was inversely correlated with the Matsuda ISI (r = 20.91; P , 0.001), while HOMA-B was positively correlated with the Insulinogenic Index (r = 0.56; P , 0.001) in the subset of participants not taking exogenous insulin (n = 530).
In univariate analysis, subjects with the most depressed b-cell function (as reflected by the lowest quartile of the Insulinogenic Index) had a longer duration of diabetes, higher HbA 1c , and higher baseline glucose, but lower baseline insulin, C-peptide, and proinsulin, compared with subjects in the top quartile (Table 1) . Subjects in the lowest Insulinogenic Index quartile also had lower BMI and waist circumference, less insulin resistance, and lower leptin levels. They had a less atherogenic lipid profile, with lower LDL, lower In multivariable models, there was an inverse association between microalbuminuria and Insulinogenic Index quartile data (Table 3) ; subjects with lower b-cell function had higher odds of microalbuminuria. This association remained significant after controlling for history of hypertension, HbA 1c , FRS, and cardiac and antihyperglycemic medications. The relationship was moderately attenuated after further adjustment for duration of diabetes (Table 3) as well as BMI (Supplementary Table 2 ); however, both of these are causally correlated with loss of b-cell function (28), therefore contributing in an expected manner to the observed attenuation. In contrast to the Insulinogenic Index, there was no association between the Matsuda ISI and microalbuminuria in any model ( Table 5 ) and AIC analysis (Supplementary Table 6 ) suggest an independent association of the Matsuda ISI with CAC beyond the Insulinogenic Index.
Results were generally similar when CAC data were analyzed by logistic regression for the presence of CAC and by linear regression for the burden of CAC (Supplementary Table 7) , although effects were weaker for the log of CAC, perhaps because of the smaller sample.
Comparison of the Insulinogenic Index to HOMA-B and the Matsuda ISI to HOMA-IR
OGTT-derived indices are measures of insulin sensitivity and b-cell function that reflect postprandial pancreatic insulin production and peripheral glucose disposal, respectively, whereas measures based on fasting insulin and glucose, such as the HOMA indices, predominantly capture basal insulin secretion and hepatic glucose production. Because OGTT-derived indices provide a more integrated measure of glucose homeostasis under dynamic settings (16) but are less practical for application in clinical settings, we compared the associations with disease complications of the Insulinogenic Index to HOMA-B and the Matsuda ISI to HOMA-IR. The analysis for HOMA-B excluded participants receiving insulin therapy because these subjects are not typically included in the generation of HOMA-B estimates (25) . Although the top quartile of HOMA-B trended toward an inverse association with microalbuminuria, this was not statistically significant (Supplementary Table 8 ). The top quartile of HOMA-IR similarly trended toward an association with CAC but did not reach statistical significance, unlike the association for the top quartile of the Matsuda ISI (Supplementary Table 9 ). We found a modest association between impaired insulin sensitivity and burden of subclinical atherosclerosis as measured by CAC. This association has been previously described. We reported that HOMA-IR is associated with coronary atherosclerosis independent of established risk factors in a sample of nondiabetic, predominantly Caucasian subjects with a family history of CVD (12) . We extended these findings to subjects with type 2 diabetes who were not taking exogenous insulin (15) . In the Multi-Ethnic Study of Atherosclerosis, a study of patients without diabetes or CVD, HOMA-IR was associated with greater subclinical atherosclerosis but was not independent of metabolic syndrome (13) . In the San Antonio Heart Study, a large population-based study of Caucasians and Mexican Americans, HOMA-IR was similarly associated with risk of CVD (14), whereas the Insulin Resistance Atherosclerosis Study investigators found an inverse association between insulin sensitivity (measured by frequently sampled intravenous glucose tolerance testing) and carotid wall thickness in Hispanics and non-Hispanic Caucasians (29) . Unlike our current work, previous studies were conducted in populations without overt type 2 diabetes.
In this article we extend these prior findings to OGTT-derived indices of insulin sensitivity in a sample of patients with type 2 diabetes. Our results suggest an association between impaired insulin sensitivity and subclinical atherosclerosis that is independent of many potential confounders, including FRS, hsCRP, alcohol use, medications, exercise, diabetes duration, ethnicity, and sex, but it is not necessarily independent of obesity and metabolic syndrome, which may be causally correlated with insulin resistance (30) . We also found that, relative to HOMA-IR, the Matsuda ISI had stronger associations with CAC, supporting further examination of such dynamic measures in the study of disease pathophysiology. Higher CAC scores in subjects with the lowest insulin sensitivity independent of many traditional risk factors suggest that insulin resistance or hyperinsulinemia may contribute to subclinical atherosclerosis beyond the atherogenic abnormalities closely associated with type 2 diabetes. The lack of an association between b-cell function and CAC argues against the concept that chronic exposure to hyperglycemia per se drives the increased burden of CAC and atherosclerosis in type 2 diabetes.
There are several potential mechanisms to explain the association between impaired insulin sensitivity and CAC as well as subclinical atherosclerosis. Elevated levels of circulating insulin may have a direct deleterious effect by promoting proliferation of vascular smooth muscle cells (31) and increasing vasoconstriction by vascular endothelial cells (32) . Alternatively, hyperinsulinemia may simply be a superior marker of the constellation of abnormalities that characterize metabolic syndrome, including chronic inflammatory signaling, elevated levels of small dense LDL, or a hypercoagulable state. We controlled for established risk factors, which suggests that insulin resistance may confer risk for atherosclerosis independent of many associated confounders, but it is possible that our current conceptualization of cardiovascular risk does not capture all responsible factors. Microalbuminuria is defined as a spot urine albumin-to-urine creatinine ratio $30 mg/g in each quartile compared with the bottom quartile of the Insulinogenic Index and the Matsuda ISI. In addition, the odds ratios (ORs) for microalbuminuria are presented for the Insulinogenic Index (inverse normal transformation) or the Matsuda ISI (natural log-transformed) modeled as continuous variables. (4) . The underlying mechanism is incompletely understood but may involve accumulation of sorbitol in cells and subsequent osmotic stress, formation of advanced glycosylated end products, and/or oxidative stress and cellular injury (3). Not surprisingly, since the mechanism of injury seems to be driven by hyperglycemia, tight glycemic control plays a key role in the protection against microvascular complications in type 2 diabetes (8, 9, 33) . Our finding of an association between b-cell function and microalbuminuria is novel and consistent with this understanding of the pathogenesis of microvascular complications (34) . Again, we found that the OGTT-derived measure, the Insulinogenic Index, had a stronger association with microalbuminuria than fasting-based HOMA-B.
Previous studies have yielded inconsistent results as to whether there is a relationship between insulin resistance and microalbuminuria. Some studies found an association in type 2 diabetes (5,21,35), while others did not (6, 7, 36) . Prior studies generally used fasting measures of insulin resistance, and associations may differ by ethnicity. We did not find an association between the OGTT-derived Matsuda ISI (or HOMA-IR) and microalbuminuria. These findings suggest that diabetic nephropathy may be more closely associated with the hyperglycemia that accompanies the loss of pancreatic function, rather than hyperinsulinemia, the degree of insulin resistance, or related lipoprotein and inflammatory abnormalities.
Our study has several strengths. To our knowledge, this is the largest study of OGTT-derived indices in relation to vascular complications in type 2 diabetes. The PDHS used extensive biomarker and imaging phenotyping. Participants were free of confounding clinical CVD and renal disease at recruitment. The study sample included a large representation of African Americans, a historically understudied population. We also acknowledge limitations. In particular, the cross-sectional design cannot determine causation or directionality of relationships. We did not compare surrogate OGTT parameters to gold standard measures derived from clamp studies. However, prior human studies of type 2 diabetes have demonstrated that the Matsuda ISI and Insulinogenic Index are reasonably well correlated with clamp measures of insulin sensitivity (37) (38) (39) and b-cell function (37, 40) , respectively. Another potential limitation is the lack of information about changes in antihyperglycemic medication use over time that may affect disease progression. In addition, our study excluded patients with clinical CVD and elevated serum creatinine in our assessment with subclinical atherosclerosis and microalbuminuria as clinical outcomes. Participants in our OGTT substudy may not completely reflect the full study population. However, because excluded participants had worse diabetic control and more insulin use, their exclusion may have biased our results toward the null rather than accounting for the significant associations we observed. The associations we report are modest and require validation in independent samples. Importantly, based on our findings neither OGTT-derived measures of insulin sensitivity and b-cell function nor fasting HOMA parameters may prove useful for predicting clinical complications beyond consideration of other measurable variables, such as obesity and duration of diabetes, in patients with overt type 2 diabetes. This is particularly a concern for the Insulinogenic Index, which closely associates with diabetes duration. Additional investigation in prospective cohorts and clinical trials is needed to determine whether fasting or dynamic indices of insulin sensitivity and b-cell function have value for the prediction of cardiovascular events and progression to end-stage renal disease.
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